ABSTRACT Alterations in ventricular loading conditions lead to changes in action potential duration and arrhythmias via contraction-excitation feedback; a decrease in load leads to prolongation of repolarization. To determine whether changes in right ventricular load alter ventricular repolarization in man, the corrected QT interval, a measure of overall ventricular repolarization, was measured in 32 patients before and after valvuloplasty for pulmonary stenosis. 5-7, 13 15 occlusion of the aorta.
BALLOON VALVULOPLASTY has evolved as a therapeutic alternative for patients with stenotic pulmonary valves. 1 2 The present study focuses on the electrocardiographic and electrophysiologic changes that develop in patients undergoing balloon valvuloplasty for congenital pulmonary stenosis. The purpose of this study was to demonstrate that changes in ventricular repolarization consistent with contraction-excitation feedback mechanisms occur in man.
In patients undergoing balloon dilatation of stenotic valves, three mechanical states are present: (1) before valvuloplasty, at which time pulmonary stenosis asso-70 ciated with increased right ventricular afterload is present, (2) after valvuloplasty of the stenotic valve, associated with decreased afterload and right ventricular pressure generation, and (3) during balloon occlusion of the right ventricular outflow tract and pulmonary valve, at which time maximal afterload and right ventricular pressure generation are noted and tensions approach those seen under isovolumetric conditions. Contraction-excitation feedback theory predicts that the time course of ventricular repolarization will be influenced by the mechanical loading conditions. Studies in isolated preparations and experimental animals have demonstrated that alterations in mechanical load lead to changes in conduction and refractoriness of ventricular myocardium. I2 addition, changes in monophasic action potentials (MAPs) have been recorded in experimental preparations undergoing acute and afterdepolarizations. Thus, in patients undergoing balloon valvuloplasty, contraction-excitation feedback theory predicts that the time course of ventricular repolarization will be shortest during balloon occlusion of the pulmonary valve, will be longest after successful valvuloplasty, and will be intermediate before valvuloplasty, at which time hemodynamically significant pulmonary stenosis is present. In these patients, the QT interval, a measure of overall ventricular repolarization, was measured to evaluate mechanically induced changes in repolarization. Right ventricular MAPs were measured in a subset of patients to document that changes in QT intervals were due to changes in local ventricular repolarization.
Methods
Thirty-two patients with congenital pulmonary valve stenosis were referred to the Johns Hopkins Hospital for transluminal balloon valvuloplasty. All patients were referred because of clinical evidence of significant pulmonary stenosis and all had had diagnostic cardiac catheterization to confirm the diagnosis. All patients gave informed consent for the procedures that are described below.
Technique of valvuloplasty. The method of valvuloplasty has been described in detail previously. 1, 2 Briefly, after sterile preparation and draping of both groins, a No. 7F sheath was introduced percutaneously into the right femoral vein, a No. SF or 6F sheath was introduced into the left femoral vein, and a Teflon arterial cannula was inserted into the left femoral artery of each patient. In those patients in whom MAPs were recorded, a second No. SF sheath was inserted in the left femoral vein. After the administration of intravenous heparin (100 units/kg), right heart catheterization was performed with a No. 7F balloontipped, central-lumen, fluid-filled catheter Femoral arterial, right ventricular, and pulmonary arterial pressures were recorded. A standard electrocardiographic lead (lead II) was also recorded in each patient (25 to 100 mm/sec).
An 0.035 inch diameter (200 cm) angioplasty J guidewire was introduced through the central lumen of the fluid-filled catheter and the wire was positioned such that the J was well into the left lower limb of the pulmonary artery. The catheter was removed over the guidewire and the right femoral vein was dilated with a No. 9F dilator. The balloon-tipped catheter used for dilation was advanced over the 0.035 inch guidewire and was positioned across the pulmonary valve under fluoroscopic guidance.
A No. SF catheter was passed into the right ventricle to monitor pressure before, during, and after balloon inflation and valvuloplasty. In those patients in whom MAPs were recorded, a No. 5F or 6F catheter was passed into the right ventricle such that MAPs of stable amplitude and configuration were recorded (see below).
The balloon (20 ml) was inflated by hand pressure and was filled with diluted (30%) contrast material. The balloon was inflated until the visible indentation of the balloon caused by the stenotic valve suddenly disappeared, indicating successful release of the stenotic valve. Three to five dilations were performed until no further evidence of stenotic physiology was apparent.
After balloon valvuloplasty, the dilating catheter was removed and a repeat right heart catheterization was performed. Femoral arterial, right ventricular, and pulmonary arterial pressures as well as an electrocardiographic lead II rhythm were recorded.
QT intervals were measured from the first deviation of the QRS complex from the isoelectric PQ segment to the initial part of the isoelectric TP segment. The QT interval was corrected for heart rate by the method of Bazzett (QTC= QT/VRR). Since ventricular repolarization is affected by both the rate and duration of the preceding train of beats, it was only possible to measure QT and QTC intervals before and after valvuloplasty, during which steady-state heart rate conditions prevailed. It should be noted that the Bazzett formula provides only approximate for QT interval correction. Unfortunately, there is no other correction that is uniformly accepted and shown to be significantly better than the Bazzett correction, nor is there a validation for this or other corrections in patients with pulmonary stenosis. As such, we used the method of Bazzett with the reservations cited to yield an approximation of the QTc.
MAP. The QT interval is a measure of overall left and right ventricular repolarization. Although in these patients with hemodynamically significant pulmonary valve stenosis and marked right ventricular hypertrophy, changes in right ventricular repolarization likely dominate in the surface QT interval, prolongation of the QT interval may be due to prolongation of the right or left ventricular repolarization. In addition, the end of the T wave is asymptotic and may represent residual repolarization gradients. Therefore, it was desireable to evaluate changes in local right ventricular repolarization in a subset ofour patients. MAPs were therefore recorded from the right ventricular endocardial surfaces by use of a silver-silver chloride tipped catheter (Mansfield) in seven patients.'6-9 Differential amplification relative to a second silver-silver chloride reference electrode 5 mm away and not in contact with the myocardium minimized the effects of remote electrical activity on the MAPs. The amplified signals were displayed on an oscilloscope and recorded on an ink-jet paper recorder (50 to 250 mm/sec). MAP duration was measured at 90% repolarization. By these techniques, MAPs of stable amplitude, smooth contour, and isopotential diastolic baseline could be recorded for greater than 30 min. Thus, MAPs from a single site could be recorded throughout the relatively brief protocol of outflow tract obstruction and release. Stable MAPs were successfully recorded during nine acute occlusions of the right ventricular outflow tract in six patients in whom atrial pacing was needed because of symptomatic bradycardia. In addition, MAPs were recorded before and after successful balloon valvuloplasty in seven patients. Because of the confounding effects of heart rate on MAP duration, comparisons were only analyzed for data collected during a constant atrial pacing rate.
Justification Stable MAP recordings were obtained during nine occlusions in six patients and the MAP duration decreased during each occlusion (associated with an increase in right ventricular afterload) ( figure 3, A) . In nine occlusions in these six patients, the mean MAP duration decreased from 221.7 ± 20.9 msec on baseline recordings to 206.6 ± 17.6 msec during the occlusion (p<.001). In addition, prolongation of right ventricular MAP duration was noted in all patients after successful balloon valvuloplasty associated with a decrease in right ventricular pressure ( figure 3, B) . The mean MAP duration increased from 216.9 ± 21.9 to 230.0 ± 24.3 msec (p<.01). Of note is that changes in MAP duration during the occlusions were seen within 2 to 5 beats of the balloon occlusion, suggesting that the changes were due to contraction-excitation feedback, rather than to reflex neurogenic changes. Thus, the changes in the QT interval are paralleled by similar changes in right ventricular MAP duration, suggesting that the changes in the QT interval reflect changes in local ventricular repolarization in these patients.
Other alterations in the MAPs were also noted during acute occlusion of the pulmonary outflow tract. Specifically, there were depolarizations during phase 3 of the MAP that were morphologically similar to early afterdepolarizations developed during seven balloon occlusions in four patients. Figure 4 illustrates an example of one such trace. Panel A shows MAPs recorded during the baseline period just before balloon occlusion. Note that a smooth repolarization phase was present. Panel B shows recordings during the balloon occlusion. Early afterdepolarizations were present that were associated with the development of spontaneous ectopic beats. Note also that afterdepolarizations were not present in the ectopic beats arising at short coupling intervals, consistent with the properties of early afterdepolarizations in vitro.
Discussion
The major finding of this study is that contractionexcitation feedback mechanisms are operative during right ventricular outflow tract occlusions in humans. In patients undergoing balloon valvuloplasty for stenotic pulmonary valves, changes in right ventricular afterload and generated right ventricular pressure are associated with altered ventricular repolarization, as indexed by QT intervals and MAP duration.
Contraction-excitation feedback-induced changes in action potential duration has been demonstrated in vitro and in vivo. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] 23 Several groups of investigators have demonstrated that action potential duration is depen-CIRCULATION A i l p < 0 . 0 0 1 dent, in part, on mechanical loading conditions; that is, changes in mechanical loading conditions lead to changes in action potential duration and configuration. Specifically, an increase in stretch on a papillary muscle or in ventricular wall tension associated with an acute change in afterload or preload is associated with shortening of action potential duration. Conversely, a reduction in mechanical load is associated with prolongation of action potential duration. In addition, afterdepolarizations have been noted in intracellular and monophasic action potentials during acute increases in mechanical stress.5'7 The ventricular arrhythmias that develop under these circumstances have been attributed to the afterdepolarizations.5 7 We have demonstrated in this study that these mechanisms are operative in certain clinical situations as well. Valvuloplasty of stenotic pulmonary valves is an effective means of correcting these lesions." 2 The procedure, however, has been associated with ventricular premature beats and ventricular tachycardia. Three distinct mechanical states are present in patients undergoing balloon valvuloplasty for pulmonary stenosis: (1) during valvuloplasty, at which time there is near-total balloon occlusion of the right ventricular outflow tract and marked increases in developed right ventricular pressure, (2) before valvuloplasty, at which time there is a moderate (relative to total occlusion) increase in right ventricular afterload due to the stenotic valve, and (3) after successful valvuloplasty afterload, at which time right ventricular afterload and generated pressure are decreased due to successful dilation of the stenotic valve. Contraction-excitation theory predicts that action potential duration is inversely related to mechanical stress on the myocardium. Therefore QTc intervals ( figure 1) . In addition, a weak but significant linear relationship was present between the change in QTc and right ventricular pressure, perhaps explaining why the changes in QTc were quite variable with little or no change in some patients.
Prolongation of QT and QTc intervals was likely a reflection of alterations in local ventricular repolarization. MAPs, recorded in seven patients, changed in a fashion analogous to the changes QT and QTc intervals; that is, decreases in right ventricular afterload and pressure generation were associated with prolongation of MAP duration (figure 2). Conversely, balloon occlusion of the pulmonary valve was associated with shortened MAP duration, afterdepolarizations, and ventricular ectopic activity (figures 2 to 4). 
